This article discusses the use of wavelet decomposition in the diagnostics of vibrometric signals of an engine. Apart from presenting the possibility of using wavelets in diagnostics, the authors take up the subject of the applicability range of processing for stationary signals, which until now has been reserved for non-stationary signals. A unified definition of signal stationarity has been proposed, which is not based on statistics. The authors presented methods of wavelet decomposition of a vibrometric signal of combustion engine vibrations, measured with the use of LDV (Laser Doppler Vibrometry). Laser measurements allows for studying an object without 'touching' its housing.
Introduction
In 1992, a book by Ingrid Daubechies was published [1] , which was to become the cornerstone of practical application of wavelet transformation for discrete signals. In her work, the author ISSN: 1231-4005 e-ISSN: 2354-0133 DOI: 10 .2478/kones-2019-0006 presents a series of wavelets (mainly orthogonal and biorthogonal), the use of which has become easy along with increasing computing power. What stands out here are especially widely used nonsymmetrical wavelets as well as finite carrier wavelets [2] .
The wavelet transform, like the more popular (discrete) Fourier transform, relies on a multiplication operation between the input signal and the transformation function, often referred to as the kernel [2, 3] . Because the Fourier transform makes use of sinusoidal functions (with undefined duration), information about the phase of the signal after transformation disappears [2, 4] . This is the feature that points to the use of the transformation in machine diagnostics. For instance, information about the top dead centre (TDC) of the piston in the engine is not required if a vibroacoustic diagnostic signal is the research subject. In the case of wavelets, the transformation kernel is a function (wavelet) with finite duration. Therefore, information about the signal phase is preserved, and its resolution depends on the size of the wavelet [2] [3] [4] .
It follows from the above considerations that the Fourier transform is ideally suited for the analysis of stationary diagnostic signals, while the wavelet transform is most suitable for nonstationary signals. The definition of stationarity and non-stationarity signals is particularly problematic. The division (into stationary and non-stationary) results from (statistical) research by N. Weiner and N. A. Kolmogorov, who stated in the 1940s that a stationary signal is one whose 'statistics' do not change during observation [18] . Their approach was reasonable as far as implementation possibilities of particular transforms are considered. Since then, the computing power has increased immensely and thus the Fourier transform, Wigner-Ville or wavelet transform is no longer a problem in terms of diagnostic systems implementation. The question is (for instance) whether a diagnostic vibroacoustic signal of combustion engine vibrations (regardless of the measurement method) is stationary by nature. Does a damaged engine, whose vibration spectrum has changed, produce a non-stationary signal due to the occurrence of the defect? Conventionally, statistical approach to the task would be required: a number of exactly the same engines would be tested under the same conditions with use of the same equipment. In a book published in 1996 [20] , the authors explicitly state that some types of signals, despite the lack of randomness in duration, should be treated as non-stationary (they give here the example of sounds produced by birds).
Currently, Doppler Laser Vibrometry can always show some differences in speed or relative displacement of vibrations in every copy of the same type of engine (even if it comes from one factory). Discrete Fourier Transform is often used in diagnostics of engines (systems and machines) to locate damage or predict its occurrence [18] . However, by definition, an engine damaged in this way will vibrate differently from a group of correctly operating machines of the same model. Accordingly, it is possible to use the analysis by definition intended for stationary signals in (statistically) non-stationary signals. The authors suggest, therefore, employing a new definition of the non-stationary nature of signals: 'the non-stationary signal is one which is different from the signal coming from an object of the same type (model), which cannot become the basis for diagnostic comparative analysis.' It follows from the definition that the vast majority of diagnostic signals are stationary, and that the use of transformations, conventionally designed for nonstationary signals, allows for obtaining valuable diagnostic information. The wavelet transform for vibroacoustic spectrum of an engine can be this kind of transformation.
In one of the reviews (critical reviews as the authors claim) [19] regarding applications of vibroacoustics, it was shown how few elements are currently diagnosed with the use of vibroacoustics. It was found that gears and bearings are "the easiest" to diagnose, while diagnostics of other elements is much more difficult because it requires more operations. It appears crucial to indicate the measurement method, which seems to have often been overlooked in the literature thus far. Despite the fact that displacement, velocity and acceleration are derivatives, they provide additional "information" (such as the constant component), which should be filtered out.
Methods of measurement and processing
The properties of vibroacoustic signals, often wrongly considered as synonymous with vibrations, are widely described in literature [5] [6] [7] [8] [9] [10] [11] [12] [13] . However, until now, the definition of signals or vibroacoustic vibrations has not been unified. It should be assumed that vibroacoustic vibrations carry a narrower meaning concerning one specific medium. A complex of issues is meant by vibroacoustic signal, i.e. both vibrations and the measured discrete representation of these vibrations, and in particular their characteristic values.
Mechanical vibration is a phenomenon involving the transformation of kinetic energy into potential energy, which is further transformed into kinetic energy, etc., until the phenomenon dies down [6, 9] . The measurement of mechanical vibrations depends on the number of degrees of the system freedom.
Attention should be paid to the large complexity of vibration diagnostics, since a mechatronic system, such as an internal combustion engine, has a large number of degrees of freedom. To avoid a large number of calculations, physical systems are interpolated unto those in which the number of degrees of freedom is known. In such systems, the elements with the lowest mass are accepted as deformable bonds, while elements with a larger mass are treated as material points or rigid bodies [6, 9] .
An acoustic signal is a disturbance, consisting in the creation of a sound source under the influence of vibrations with sufficient energy to induce a human auditory sensation [10] . This disorder was first described by Isaac Newton [6] as a rapid change in pressure and air vibrations. This means that the same density of air in each point of space is identical to silence. Changes in air density, resulting in changes in sound pressure, i.e. disturbances in atmospheric pressure, are called acoustic density [10] . In addition to atmospheric pressure disturbances, the acoustic wave is accompanied by a temperature disturbance of the medium. A full description of the acoustic wave should include all parameters characterizing it (acoustic density, acoustic pressure, acoustic temperature, acoustic particle deflection, velocity of the acoustic particle, acceleration of the acoustic particle).
Authors [6, 8] define vibroacoustic signals as a whole of dynamic phenomenamechanoacoustic, which take place in machines, devices, and special constructions. These phenomena are vibrations, noise, air, and material sound as well as medium pulsations in machine working spaces. They occur in a wide frequency range from very low, almost zero, to very high frequencies (MHz).
Considering the above-mentioned definitions, it can be concluded that vibroacoustic vibrations are phenomena consisting in the motion of the material system around a static equilibrium point, which in turn consists in the flow and storage of energy with a sufficient value to create a sound source of sufficient intensity to induce a human auditory sensation, but at the same time capable of exceeding the range of frequencies heard by people.
Vibroacoustic vibrations are often mistakenly used synonymously with the values marking them. The following physical quantities are used to quantify the vibration process [15] : -displacement, -relative displacement, -velocity, -relative velocity, -acceleration, -harmonic phase shift.
The quantities that characterize vibroacoustic vibrations are measured by various methods, which include piezoelectric acceleration and laser vibrometer (LDV), which is recently very popular. The measurement method is closely related to the measured quantity. In the case of accelerometer, relative acceleration is measured directly, while displacement and relative velocity are measured in the case of vibrometer. Other quantities are measured in diagnostic systems; however, they result from transformations of basic quantities.
While performing vibroacoustic vibration measurements, it is assumed that the system is continuous, and this means a determined number of points of freedom and, moreover, the necessity to move from discretization, based on differential equations, to continuity, based on integer calculus [15] . It can be concluded that vibroacoustic vibrations measurements are an approximation at the detection level, and the discretisation of the system is approximated by continuity.
Wavelet transformation is based on a linear combination of scalable and shifting functions. It can therefore be interpreted as the filtering of the signal analysed by the analysing function. The analysing function must be marked by an appropriate location in the time domain and by a limited band [1, 16, 17] .
It is impossible to use the continuous transform in engineering applications; this is why, a discrete representation of wavelets is employed. The discreet wavelet representation, re-scaled at the m-level, with the n-shift is recorded as [2] :
Starting from the analogue version of the transform [2, 17] :
where: Ψ -wavelet function, -time scale, -displacement. The discrete wavelet transform can be written as a convolution function of the analysed signal ( ) and the wavelet function Ψ( ) [2]:
The discrete wavelet transform is reversible, which, however, is burdened with certain additions resulting from the discretization of the signal.
If the wavelet transform is treated as a function used to emphasize the changes occurring in the signal, then the usefulness of wavelets in diagnostics of non-stationary signals seems obvious. The value of such emphasis or 'highlight' is a derivative of superimposed (multiharmonic) vibration signals, which are produced by moving parts of the engine and the combustion process. The degree of 'emphasis' indicates the technical condition of the engine elements (moreover, it is possible to interpret those parts of the signal that will not be 'emphasized', but it is more difficult).
Currently, Discrete Wavelet Transform (DWT) in engineering applications is treated as a method of recursive filtering of the source diagnostic signal, in accordance with formula (3).
Results of vibroacoustic tests of the technical condition of an internal combustion engine with the use of wavelet transformation
The research object was an extremely popular self-ignition engine with a capacity of 1900 cm 3 , produced from 1991 to 2012 (its successor, equipped with an improved power system and raised capacity volume up to 2000 cm3, is manufactured today). The engine had been constantly developed; initially, the power system was based on a rotary pump, later on unit injectors, and in the final phase on a common rail system. The elements that were most often subject to damage were among others EGR system (Exhaust Gas Recirculation), injectors, or turbocharger. The following figure shows the engine vibration using LDV analysis. The measured variable was relative velocity, which excludes the constant component (as is the case of measuring displacements).
The direct measurement of the vibration speed itself is extremely valuable diagnostic information. You can see the course of the combustion process ( Fig. 1) , number 1 indicates preinjection, number 2 injection proper. Additionally, during pre-injection, the instability of the system (oscillations) cab be observed, which a typical phenomenon is. Moreover, the engine with a damaged EGR system vibrates with a greater amplitude (as compared to a well-functioning engine), and with a damaged turbocharger -with a smaller one.
The source signals were subjected to the wavelet decomposition process. Below (Fig. 2) the signal recording and its approximation at level 3 are presented.
Individual decomposition coefficients are presented in Fig. 3 . Selecting the right level of decomposition becomes vital, especially if the decomposition is to return valuable (from a diagnostic point of view) coefficients. Haar's wavelet on level 3 allows for implementing this type of diagnostics for most diagnostic systems based on modern signal and line processors.
To make the diagnostic message readable, a package wavelet analysis was introduced. The initiating tree is shown in Fig. 4 .
Fig. 4. Initiating tree for package wavelet analysis (level 3, Haar)
The initiating tree is extremely helpful while analysing results. It allows you to preview every step of the analysis (so you can call it the "wavelet analysis debugger"). Of course, its online use is limited.
Package analysis is popular mainly because of its graphical presentation of results. Fig. 5 shows the result of the wavelet package decomposition of an engine in good working order. Comparison of the most characteristic (graphical) parts of the transform result allows us to find differences in the values of decomposition coefficients. However, it is difficult, and requires careful measurement and proper selection of the level of decomposition (Fig. 6 ). Fig. 6 . Package wavelet analysis of well-functioning engine vibrations (1) , with a damaged turbocharger (2) and damaged EGR system (3) 
Results and discussion
Despite visible differences (Fig. 6 ), the question remains how useful the wavelet transform in the analysis can be. The above data show differences for individual engine conditions. However, in order directly to determine how big the difference is, the authors propose to use the graphical "divide" function ( Fig. 7) between particular results. This feature is available in many graphics programs (in this case: Photoshop CS6). Its use in this case gives very positive results directly visible in the form of darkened fields (or not). In other words, the function, after applying the layers, allows indicating places in which individual coefficients differ (black colour). Even more unambiguous results can be obtain if the original signal is windowed before being decomposed. The window with the best reproduction of amplitude, high dynamics and low resolution, was used. It was previously shown that it is the flattop window (for relative speeds) [15] . The results are shown below.
Fig. 8. The result of the graphical divide function application between the layers, being the results of the wavelet analysis; black indicates the places that differ; original signals were subjected to windowing (Flattop)
Wavelet analysis is commonly used in cardiac imaging, for instance. Doctors look for changes in the functioning of the heart (whose operation is, after all, 'stationary' in its nature). Division into a stationary or non-stationary signal loses its significance from the statistical point of view, along with the increase in computational power of diagnostic systems.
The authors stated that diagnostics using wavelet analysis could be the basis for a thorough analysis of the technical condition of machines. With less precise measurements (acceleration measurements in this case), lower level of decomposition is required; however, the result will be limited to only a few 'major' changes in the condition of the tested unit. In the case of testing based on vibrometric laser systems, it is possible to diagnose less obvious defects. An example here may be the damage to the EGR system, which, as has been shown ( Fig. 7) , is marked by significant changes in the value of coefficients, although not as large as in the case of damage to the recharge system.
Additional signal processing operations (such as windowing, and in this case, a flattop window) allows us clearly to distinguish the changes presented by means of package decomposition. In this case (Fig. 8 ), the differences in particular parts of the imaging are clearly visible, which is a direct derivative of the condition of an engine.
A multidimensional function ought to become the basis for vibroacoustic diagnostics of engines. Apart from its size, time, and frequency, the function will introduce an additional operating feature, i.e. rotational speed or torque.
